Introduction {#s1}
============

*Paramecium* belongs to the ciliate phylum, a deep radiation of highly diverse unicellular eukaryotes. The hallmark of ciliates is nuclear dimorphism: each unicellular organism harbors two kinds of nuclei with distinct organization and function. A diploid "germline" micronucleus (MIC) undergoes meiosis and transmits the genetic information to the next sexual generation but is not expressed. A polyploid "somatic" macronucleus (MAC) contains a version of the genome streamlined for gene expression and determines the phenotype. A new MAC is formed at each sexual generation by programmed rearrangements of the entire zygotic, germline-derived genome, and the maternal MAC is lost. The MAC genome of *P. tetraurelia* has been sequenced [@pgen.1002984-Aury1] revealing a series of whole genome duplications (WGDs) in the lineage that provide a unique tool for evolutionary analyses.

Ciliate genome rearrangements and their epigenetic control by non-coding RNAs have been recently reviewed [@pgen.1002984-Chalker1]--[@pgen.1002984-Schoeberl1]. In *Paramecium*, genome rearrangements involve (i) endoreplication of the DNA to about 800 haploid copies, (ii) imprecise elimination of genomic regions that contain, in particular, transposons and other repeated sequences, usually leading to chromosome fragmentation and (iii) elimination of Internal Eliminated Sequences (IES) by a precise mechanism. The accuracy of this process is crucial for IESs located within coding regions, to correctly restore open reading frames. The characterization of fewer than 50 IESs identified by cloning MIC loci [@pgen.1002984-Btermier1] showed that they are short (26--883 bp), unique copy elements that are located in both coding and non-coding regions of the genome. The IESs are invariably flanked by two TA dinucleotides whereas only one TA is found at the MAC chromosome junction after IES excision ([Figure 1](#pgen-1002984-g001){ref-type="fig"}). IESs have also been discovered by *cis*-acting mendelian mutations that prevent their excision, conferring a mutant phenotype [@pgen.1002984-Ruiz1]--[@pgen.1002984-Matsuda1]. The mutations in almost all cases were found in one of the flanking TA dinucleotides, which seem to be an absolute sequence requirement for IES excision. Extrapolation of the number of IESs found mainly in surface antigen genes led to the estimation that there could be as many as 50,000 IESs in the *Paramecium* genome. Such massive presence of unique copy IESs inserted in genes is not a characteristic of all ciliates. The estimated 6,000 IESs of the related oligohymenophorean ciliate *Tetrahymena* [@pgen.1002984-Yao1] are excised by an imprecise mechanism [@pgen.1002984-Saveliev1], are usually multi-copy including recognizable transposons [@pgen.1002984-Fillingham1]--[@pgen.1002984-Eisen1] and are rarely found in coding sequences [@pgen.1002984-Yao2], [@pgen.1002984-Fass1].

![IES excision.\
Schematic representation of, from left to right, a canonical IES, a nested IES and an IES with an alternative boundary. In the case of the nested IES, the middle line represents either an intermediate in the excision pathway or an alternative final product. In the case of the alternative boundary IES, the middle line represents an alternative final product.](pgen.1002984.g001){#pgen-1002984-g001}

Klobutcher and Herrick [@pgen.1002984-Klobutcher1] first reported a weak consensus at the ends of 20 IESs from *Paramecium* surface antigen genes (5′-[TA]{.ul}YAGYNR-3′) that resembles the extremities of Tc1/mariner transposons. These authors hypothesized a "transposon link" to explain the origin of IESs, suggesting that they are the decayed relics of a Tc1/mariner transposon invasion and that they are excised from the MAC DNA by a Tc1/mariner transposase encoded by a gene that has become part of the cellular genome [@pgen.1002984-Klobutcher2]. In this model, IES excision represents the exact reversal of Tc1/mariner transposon integration into its TA target site with duplication of the TA dinucleotide, an evolutionary novelty that may have appeared more than once in the ciliate phylum. One problem with the model is that transposition catalyzed by Tc1/mariner transposases usually leaves a 2 or 3 bp "footprint" at the donor site [@pgen.1002984-Plasterk1] while IES excision is precise.

A decisive step towards understanding the mechanism of IES excision and validating a transposon link for the origin of the IES excision machinery was the identification of a domesticated *piggyBac* transposase in *Paramecium* [@pgen.1002984-Baudry1]. Baptized PiggyMac (Pgm), the protein is encoded by the *PGM* gene which is expressed only late in sexual processes, at the time of genome rearrangements. Pgm, localized in the developing new MAC, was found to be required for the excision of all IESs tested and for the imprecise elimination of several regions containing transposons or cellular genes [@pgen.1002984-Baudry1]. A similar *piggyBac*-derived transposase is found in *Tetrahymena* and is required for heterochromatin-dependent DNA elimination [@pgen.1002984-Cheng1]. Since the *Paramecium* and *Tetrahymena* proteins appear to be monophyletic, based on a broad phylogeny of *piggyBac* transposases (L. Katz and F. Gao, personal communication), the domestication event may have preceded the divergence of these two ciliates, estimated at 500--700 Ma (million years ago) [@pgen.1002984-Parfrey1]. Most significantly, the *in vivo* geometry of IES excision, initiated by staggered double-strand breaks (DSBs) that generate 4-base 5′ overhangs centered on the TA at both ends of the IES [@pgen.1002984-Gratias1], is fully compatible with the *in vitro* reaction catalyzed by a *piggyBac* transposase isolated from an insect [@pgen.1002984-Mitra1], whose target site is a 5′-TTAA-3′ tetranucleotide. *piggyBac* elements leave behind no scar when they jump to a new location: only ligation is required to join the fully complementary 5′ overhangs. Limited processing of 5′ and 3′ ends is further required for precise closure of the *Paramecium* IES excision sites since only the TA dinucleotides at the center of the 4-base 5′ overhangs are always complementary [@pgen.1002984-Gratias1], [@pgen.1002984-Kapusta1].

We report here a genomic approach to exhaustively catalogue the IESs in the *Paramecium tetraurelia* germline genome in order to study their evolutionary dynamics and seek evidence for a transposon origin of these elements. We obtained DNA highly enriched in un-rearranged germline sequences, from cells depleted in Pgm by RNA interference. Deep-sequencing of this DNA (hereafter called "PGM DNA") allowed us to identify a genome-wide set of nearly 45,000 IESs, by comparing contigs assembled using the PGM DNA (hereafter called "PGM contigs") with the MAC reference genome [@pgen.1002984-Aury1]. The hypothesis that Pgm is required for excision of all IESs was tested by genome-scale sequencing of a source of DNA from purified MICs [@pgen.1002984-Preer1], providing validation of the IES catalogue. The evolutionary dynamics of the IESs was studied by exploiting the series of WGDs that have been characterized in *Paramecium* [@pgen.1002984-Aury1]. The study provides, to our knowledge, the first genome-wide set of IESs, in *Paramecium* or any ciliate, and provides new evidence that IESs have deleterious effects on fitness and that at least a fraction of IESs do derive from Tc1/mariner transposons that have decayed over time. The IES sequences evolve rapidly. The constraints we could detect concern their size distribution, suggestive of the assembly of a transpososome-like excision complex and a weak consensus at their ends, which resembles the extremities of Tc1/mariner elements. We discuss the possibility that ancient domestication of the Pgm transposase favored subsequent propagation of transposons throughout the *Paramecium* germline genome, by providing a mechanism for their precise somatic excision, therefore allowing insertions in coding sequences.

Results {#s2}
=======

IES identification {#s2a}
------------------

An overview of the strategy for identification of a genome-wide set of IESs is presented in [Figure S1](#pgen.1002984.s001){ref-type="supplementary-material"}. The first step was next-generation deep sequencing of DNA enriched in un-rearranged sequences, isolated from strain 51 cells that had undergone the sexual process of autogamy after depletion of Pgm protein by RNAi ([Figure S2](#pgen.1002984.s002){ref-type="supplementary-material"}). In the absence of Pgm, the zygotic DNA is amplified but rearrangements are impaired. The sample that was sequenced contained a mixture of 60--65% un-rearranged DNA from the developing new MACs and 35--40% rearranged DNA from the fragments of the maternal MAC still present in the cytoplasm, as judged by Southern blot quantification of MIC and MAC forms at one locus ([Figure S3](#pgen.1002984.s003){ref-type="supplementary-material"}). The PGM sequence reads ([Table 1](#pgen-1002984-t001){ref-type="table"}) were mapped to the MAC reference genome of strain 51 (see Materials and Methods), and putative IES insertion sites were defined as sites with a local excess of ends of read alignments (pipeline MIRAA for "Method of Identification by Read Alignment Anomalies"). This excess of ends of alignments arises when a read contains a MIC IES junction, since only part of such a read can align with a MAC chromosome, either starting or ending at the IES insertion site, expected to be a TA dinucleotide. Using MIRAA, we identified 45,739 potential IES insertion sites. Essentially all (99%) of the insertion sites contained a TA dinucleotide, even though this was not assumed by the pipeline.

10.1371/journal.pgen.1002984.t001

###### Sequencing and mapping statistics.

![](pgen.1002984.t001){#pgen-1002984-t001-1}

  DNA             Insert size (bp)   Read length (bp)      Reads      Aligned reads   Aligned (%)   Genome coverage (%)
  -------------- ------------------ ------------------ ------------- --------------- ------------- ---------------------
  PGM                   ∼500               108          130,266,728    110,189,736       84.6               99
  Lambda-phage          ∼200               101          83,149,385     25,949,607         31                44

Paired-end Illumina sequencing was carried out as described in Materials and Methods, and reads were mapped to the *P. tetraurelia* MAC reference genome using the BWA short-read aligner. The genome coverage is the fraction of the genome covered by at least 1 read. The depth of coverage with the PGM DNA is on average 165×. The depth of coverage with the lambda-phage DNA is on average 75× for the part of the genome that is covered. The PGM reads that were not aligned contain *Paramecium* mitochondrial and rDNA sequences, contaminating bacterial sequences as well as sequences present only in the MIC genome. In addition, a large proportion of the unaligned lambda-phage reads are from bacterial contaminants with AT-rich genomes; this DNA was not eliminated by the cesium chloride density gradient separation step of the phage library construction [@pgen.1002984-Steele1].

In order to obtain the sequence of the IESs, the paired-end PGM DNA sequence reads were assembled into contigs (cf. [Table S1](#pgen.1002984.s008){ref-type="supplementary-material"} for assembly statistics) and compared to the MAC reference genome assembly (pipeline MICA for "Method of Identification by Comparison of Assemblies"). We looked for insertions in the PGM contigs with respect to the MAC reference assembly. Any insertion bounded by TA dinucleotides after local realignment was considered to be an IES. Using this pipeline we identified 44,928 IESs. The fact that 96% (n = 43,220) of the IESs identified by MICA correspond to an IES insertion site identified by MIRAA ([Figure S1](#pgen.1002984.s001){ref-type="supplementary-material"}) testifies to the overall reliability of the procedure. Experimental validation of 6 IESs identified only by MICA and 17 insertion sites identified only by MIRAA was carried out by PCR amplification of an independent preparation of PGM DNA. The results ([Table S2](#pgen.1002984.s009){ref-type="supplementary-material"}) show that the 6 IESs and at least 12 of 17 insertion sites tested do correspond to the presence of an IES. Interestingly, among the IES sites identified only by MIRAA, we found 8 examples of a pair of IESs separated by one or only a few nucleotides (in 5/8 cases, these tandem IESs are located in exons, a proportion similar to that found for the genome-wide IES set, see below). This case is not handled by the MICA pipeline since the initial global alignment with BLAT would have detected a single large insertion that would have been rejected by the local realignment filter, which requires the insertion to be flanked by TA dinucleotides. This is the first report of such closely spaced IESs, although nested IESs ([Figure 1](#pgen-1002984-g001){ref-type="fig"}) have been previously documented [@pgen.1002984-Mayer1].

In order to see whether the set of 44,928 IESs is likely to be exhaustive, we looked for the 53 previously characterized IESs identified directly by cloning MIC loci in *P. tetraurelia* strain 51 cells ([Table S3](#pgen.1002984.s010){ref-type="supplementary-material"}). All 53 previously cloned IESs were found, with the exception of one IES that had been assembled into the MAC reference genome and one IES form that represents use of an alternative boundary. In addition, two small IESs, each of which is nested within a larger IES, were found in PGM DNA but were not identified by our pipeline as IESs. Indeed, nested IESs can only be identified by time-course experiments or if the outer IES is retained in the MAC e.g. as the result of a point mutation [@pgen.1002984-Mayer1]. Since 49 of 51 non-nested IESs were identified by MICA, the IES identification procedure has a sensitivity of at least 96%.

The entire IES identification approach is based on the assumption that the excision of all IESs in *Paramecium* requires the Pgm domesticated transposase activity. In order to test this assumption, we sequenced inserts from a lambda-phage library constructed some 20 years ago [@pgen.1002984-Steele1], using DNA from MICs that had been separated from MACs by Percoll gradient centrifugation [@pgen.1002984-Preer1]. This library has been extensively used to clone MIC loci with specific probes. Although the contigs assembled from the phage DNA reads only partially covered the MAC reference genome ([Table 1](#pgen-1002984-t001){ref-type="table"}), 98.5% of the 13,377 IESs that could be identified using the phage DNA and the MICA pipeline had also been identified using the PGM DNA. The difference of 1.5% is within the estimated sensitivity of the MICA pipeline. We conclude that all *Paramecium* IESs very likely require Pgm for excision, and that our data set does represent a genome-wide set of *P. tetraurelia* IESs.

IES distribution in the genome {#s2b}
------------------------------

The genome-wide set of IESs has an overall G+C content of 20%, significantly lower than the 28% G+C content of the MAC reference genome [@pgen.1002984-Duret1] but comparable to the G+C content of intergenic regions (21%). The IESs are found in exons (76.8%), introns (5.4%) and intergenic regions (17.8%), suggesting a nearly random distribution of IESs with respect to genes, since the MAC reference genome is composed of 76% exons, 3.2% introns and 20.8% intergenic DNA [@pgen.1002984-Aury1]. However, IESs are not randomly distributed along the chromosomes. Intriguingly, as shown in [Figure S4](#pgen.1002984.s004){ref-type="supplementary-material"} for the 8 largest MAC chromosomes, IESs tend to be asymmetrically distributed along MAC chromosomes. The MAC assembly (188 scaffolds \>45 Kb constitute 96% of the 72 Mb assembly) contains 115 telomere-capped scaffolds, varying in size from ∼150 Kb to ∼1 Mb, that are considered to represent complete MAC chromosomes. For 70 of these telomere-capped scaffolds, IESs display non-uniform distributions (p\<0.002, median scaffold size 417 Kb) while for the remaining 45 telomere-capped scaffolds, the IES distribution is uniform (median scaffold size 275 Kb). Thus the larger the MAC chromosome, the greater the chance of observing a non-uniform IES distribution. The distributions for all scaffolds are easily visualized using the ParameciumDB [@pgen.1002984-Arnaiz1] Genome Browser. The significance of the asymmetry in IES distribution is not clear, but might be related to the global organization of MIC chromosomes, currently unknown (discussed in [@pgen.1002984-Duret1]).

Germline Tc1/mariner transposons {#s2c}
--------------------------------

The genome-wide set of IESs covers 3.55 Mb (mean IES size 79 bp), compared to 72 Mb for the MAC reference genome assembly. The IESs thus add about 5% to the sequence complexity of the part of the MIC genome that is collinear with MAC chromosomes. The total complexity of the PGM contigs (after elimination of contigs with low PGM read coverage and high G+C content, assumed to represent bacterial contamination as confirmed in many cases by BLASTN matches against bacterial genomes) is ∼100 Mb, however the use of a single paired-end sequencing library with small inserts (∼500 bp) may have perturbed assembly of repeated sequences, possibly leading to underestimation of repeated sequence content. We infer that ∼25 Mb of germline-specific DNA corresponds to the imprecisely eliminated regions located outside of the MAC-destined chromosomes i.e. the part of the MIC genome that is not collinear with MAC chromosomes.

We have not further characterized this fraction of the PGM DNA. However, we did identify the first germline *P. tetraurelia* Tc1/mariner transposons ([Figure S5](#pgen.1002984.s005){ref-type="supplementary-material"}), by using the phage-lambda library of MIC DNA [@pgen.1002984-Steele1] to walk past the end of MAC scaffold_51, which bears the subtelomeric 51G surface antigen gene [@pgen.1002984-Duharcourt1]. In all, 5 phage inserts and 4 cloned PCR products corresponding to part or all of different copies of the element downstream of the 51G surface antigen gene, named *Sardine*, were sequenced (EMBL Nucleotide Sequence Database accession numbers HE774468--HE774475) and a consensus for the ∼6.7 Kb transposon was constructed ([Figure S5](#pgen.1002984.s005){ref-type="supplementary-material"} and [Text S1](#pgen.1002984.s013){ref-type="supplementary-material"}). The ends of the *Sardine* copies contain intact or partially deleted 425 bp terminal inverted repeats (TIRs) which are themselves palindromic, containing a unique, oriented region nested within outer inverted repeats ([Figure S5](#pgen.1002984.s005){ref-type="supplementary-material"}). *Sardine* contains up to 4 ORFs. One ORF is a putative DD35E transposase of the IS*630*-Tc1 family, like the DDE transposases of the TBE and Tec transposons found in stichotrich ciliates [@pgen.1002984-Doak1]. Another ORF, as in Tec transposons [@pgen.1002984-Jacobs1], encodes a putative tyrosine recombinase. The other two ORFs are hypothetical, though ORF2 shows some similarity (31.7% identity and 55.4% similarity over 202 aa) to the hypothetical ORF1 of the *Tennessee* element from *P. primaurelia* [@pgen.1002984-LeMoul1]. One of the *Sardine* copies (copy S6) is interrupted by the insertion, within the putative tyrosine recombinase gene, of a different but similar element, named *Thon* (French for "tuna"), which also contains a DD35E transposase, a tyrosine recombinase, possibly the two hypothetical ORFs, and palindromic TIRs of ∼700 bp ([Figure S5](#pgen.1002984.s005){ref-type="supplementary-material"}).

IES copy number and similarity to transposon sequences {#s2d}
------------------------------------------------------

For a handful of IESs, it has been shown experimentally that they are single copy elements [@pgen.1002984-Btermier1]. In order to see whether this is generally the case, we looked for all IESs present in more than 1 fully identical copy (100% sequence identity). We found 44,210 IESs to be unique copy (98.4%). We examined all IESs present in 2 or more identical copies and found 39 cases of duplicate IESs as a result of errors in assembly of the MAC reference genome that had led to small, partially redundant scaffolds (4% of the MAC assembly is contained in scaffolds \<45 Kb and some of these are partially redundant with the chromosome-size scaffolds [@pgen.1002984-Aury1]). The rest of the 319 IESs found in 2 copies were inserted in homologous genomic sites and appeared to be the result of recent segmental duplication or gene conversion. The 23 cases of IESs found in 3 to 6 copies correspond to expansion or recombination of repeated sequences such as tetratricopeptide repeat (TPR) domains or WD40 repeats.

We performed an all by all sequence comparison of the IESs and of their flanking sequences to see whether we could identify homologous IESs inserted at non-homologous sites in the genome. As shown in [Table 2](#pgen-1002984-t002){ref-type="table"}, we were able to identify 8 clusters of 2 to 6 IESs that share significant homology (BLASTN E-value \<10^−10^) over at least 85% of their length, inserted in non-homologous sites (cf. [Text S2](#pgen.1002984.s014){ref-type="supplementary-material"} for the alignments). Moreover, we found significant nucleotide identity (E-value 9×10^−57^ for the best match; nucleotide identity between 68 and 78% for the HSPs) between the IESs of cluster 5 and one of the Tc1/mariner-like transposons identified using the phage library (*Thon*, [Figure S5](#pgen.1002984.s005){ref-type="supplementary-material"}). This is a strong indication that these IESs are derived from recently mobile elements.

10.1371/journal.pgen.1002984.t002

###### Homologous IESs at non-homologous sites in the genome.

![](pgen.1002984.t002){#pgen-1002984-t002-2}

  CLUSTER     IES SCAFFOLD    IES POSITION   SIZE (bp)       LOCATION        NUCLEOTIDE MATCH
  --------- ---------------- -------------- ----------- ------------------- ------------------
  2          scaffold51_25       381101         209      GSPATP00009750001  
             scaffold51_25       389332         213         intergenic      
  3          scaffold51_117       944           608         intergenic      
             scaffold51_160      10020          577         intergenic      
             scaffold51_44        7711          555         intergenic      
  5          scaffold51_109      40673          571         intergenic          TIR *Thon*
             scaffold51_128      266698         689      GSPATP00032295001      TIR *Thon*
             scaffold51_131      262422         630         intergenic          TIR *Thon*
             scaffold51_18       127217         770      GSPATP00007326001      TIR *Thon*
             scaffold51_34       280841         512         intergenic          TIR *Thon*
             scaffold51_58       302214         640         intergenic          TIR *Thon*
  9          scaffold51_19       475992         666         intergenic      
             scaffold51_96       236752         665         intergenic      
  12         scaffold51_124      248174         568         intergenic      
             scaffold51_27       275392         476      GSPATP00010339001  
  13         scaffold51_155      211807         458         intergenic      
             scaffold51_20       46790          505         intergenic      
             scaffold51_27       294496         472      GSPATP00010351001  
  14         scaffold51_184      21279         1024      GSPATP00038454001  
             scaffold51_21       430950        1038      GSPATP00008497001  
             scaffold51_58       200038        1010      GSPATP00018841001  
  15         scaffold51_28       278632         262      GSPATP00010625001  
              scaffold51_4       361312         242      GSPATP00001801001  

A BLASTN internal comparison of all IESs, carried out with an E-value cutoff of 1e-10, was filtered for HSP coverage of at least 85% of the longest IES and for the absence of significant homology between 500 nt of MAC flanking sequence. The IESs were than transitively clustered and aligned using MUSCLE ([Text S2](#pgen.1002984.s014){ref-type="supplementary-material"}). Some clusters were eliminated because of low complexity of the IES sequences. BLASTN homology searches at NCBI and against known Paramecium transposons ([@pgen.1002984-LeMoul1] and the present manuscript) were carried out using each IES in the clusters as query. *Thon* is a Tc1/mariner-like transposon. BLASTX similarity searches against the non-redundant protein database at NCBI did not yield any significant hits at an E-value cutoff of 0.001. The location of the IES, if in a coding sequence, is provided as a ParameciumDB accession number.

However, the IES sequences of this cluster correspond to a single palindromic TIR. This might reflect assembly problems given use of a single insert size for the paired-end sequencing, either because these IESs contain sequences repeated elsewhere in the genome or because the *Thon* TIRs are large (∼700 bp) and palindromic so that the assembly might have jumped from one TIR to the other deleting the rest of *Thon*. We therefore used a long-range PCR strategy capable of amplifying large DNA fragments containing each of the IESs to verify their size and attempt to obtain sequences (detailed in [Text S3](#pgen.1002984.s015){ref-type="supplementary-material"}). Amplification products of the expected sizes were obtained for all of the IESs from cluster 5, making it unlikely that these IESs correspond to a complete *Thon* element that had failed to be assembled from the paired-end sequencing reads. Three IESs were chosen for sequencing, and the sequences of the corresponding PCR products confirmed the IESs, indicating that they had been correctly assembled. Identification of 6 IESs (at non-homologous genomic sites) that share sequence identity with a *P. tetraurelia* Tc1/mariner solo TIR argues that at least a fraction of IESs do originate from Tc1/mariner-like elements.

We therefore adopted a complementary strategy, using the PFAM-A library of curated protein domains to search for domain signatures in the genome-wide set of IESs. Matches at a BLASTX E-value cutoff of 1 were inspected visually to filter out matches with PFAM-A protein domains from *Paramecium* and matches owing to compositional bias (high A+T content). This left 6 IESs, ranging in size from 2416 to 4154 bp, with a DDE_3 (PFAM accession number 13358) DDE superfamily endonuclease domain characteristic of IS*630*/Tc1 transposons. The peptides encoded by the IESs were subjected to an HMM search of the PFAM-A hmm profiles (<http://pfam.sanger.ac.uk/search>) for confirmation of the conserved residues and to validate the statistical significance of the match (E-values of 0.02 to 2.1×10^−15^ for the 6 peptides). The IESs were aligned with MUSCLE and a neighbor-joining tree grouped 4 of them together with good bootstrap values (not shown). The 4 IESs were used to search for sequence similarity with the genome-wide set of IESs and this allowed identification of 28 IESs ranging in size from 1251 to 4154 bp ([Table S4](#pgen.1002984.s011){ref-type="supplementary-material"}). The IESs were aligned to provide the consensus sequence for 2 distinct Tc1/mariner-like 3.6 kb transposons from the same new family, baptized *Anchois* (Anchovy). Manually adjusted alignments used to reconstruct the *AnchoisA* and *AnchoisB* elements, consensus sequences and annotation are provided in [Text S1](#pgen.1002984.s013){ref-type="supplementary-material"}.

Alignment of the DDE domains of the reconstituted *Anchois* transposons with the DDE domains from bacterial IS*630* elements, invertebrate Tc1 transposons and all known ciliate Tc1/mariner elements indicates that the *Anchois* transposase belongs to the IS*630*/Tc1 subfamily ([Figure 2A](#pgen-1002984-g002){ref-type="fig"}). Unlike *Thon* and *Sardine* but like the *P. primaurelia Tennessee* element, *Anchois* TIRs are short and lack internal palindromes, moreover *Anchois* does not contain a putative tyrosine recombinase. *Anchois* has 2 hypothetical ORFs in addition to the DDE transposase ([Figure 2B](#pgen-1002984-g002){ref-type="fig"}; [Text S1](#pgen.1002984.s013){ref-type="supplementary-material"}). The ORF2 of *Anchois* displays homology to ORF2 of *Sardine* (36.2% identity and 56.2% similarity over 210 aa) and to ORF1 of *Tennessee*. Interestingly, for 6 of the 28 IESs that initially identified the copies of *Anchois*, the *Anchois* TIRs do not correspond to the extremities of the IES, raising the possibility of *Anchois* insertions within pre-existing IESs. The discovery of the *Anchois* elements and the fact that several IESs appear to be full-length copies, provides a strong, direct link between IESs and transposons.

![*Anchois* Tc1/mariner family transposon.\
A) Alignment of the DDE domains of bacterial IS*630* elements (IS*630*Sd, *Salmonella dublin*, GenBank Accession No. A43586; IS*630*Ss, *Shigella sonnei*, X05955), invertebrate and fungal Tc1 transposons (Baril, *D melanogaster*, Q24258; Impala, *Fusarium oxysporum*, AF282722; S, *D* melanogaster, U33463; Tc1, *C elegans*, X01005) and ciliate Tc1/mariner transposons (TBE1, *Oxytricha fallax*, L23169; Tec1 and Tec2, *Euplotes crassus*, L03359 and L03360; Anchois, Thon and Sardine, *Paramecium tetraurelia*, this article; Tennessee, *Paramecium primaurelia*, [@pgen.1002984-LeMoul1]). Asterisks mark the conserved catalytic DDE residues. B) Schematic diagram of the 3.6 Kb *Anchois* consensus, showing the position and orientation of the 3 ORFs. The yellow triangles represent the ∼22 nt TIRs. Asterisks mark the position of residues of the catalytic DDE triad for the ORF encoding the DDE transposase.](pgen.1002984.g002){#pgen-1002984-g002}

A remarkable IES size distribution {#s2e}
----------------------------------

The size distribution of the genome-wide set of IESs is shown in [Figure 3A](#pgen-1002984-g003){ref-type="fig"}, for the 93% of the IESs that are shorter than 150 bp. The most remarkable feature is a periodicity of ∼10 bp, which corresponds to the helical repeat of double-stranded DNA. The first peak of the size distribution has maximal amplitude at 26--28 bp and includes 35% of all identified IESs. The abrupt cutoff at 26 bp represents the minimum IES size. A second peak appears to be forbidden and contains only a few IESs. The following peaks are centered at approximately 45--46, 55--56, 65--66 bp etc. and the distance between these peaks is best fit by a 10.2 bp sine wave (not shown). At the far end of the spectrum, 95 of the IESs are between 2 and 5 Kb in size. Similar periodic size distributions are found for IESs inserted in coding sequences and for IESs inserted in non-coding sequences ([Figure S6](#pgen.1002984.s006){ref-type="supplementary-material"}). This indicates that the constraint on the distance between IES ends is an intrinsic property of the IESs and is not related to the locus in which they are inserted in the genome. Whatever their size, the IESs adhere to the weak, Tc1/mariner-like end consensus first reported for 20 IESs located in surface antigen genes [@pgen.1002984-Klobutcher1], as illustrated in [Figure 3B](#pgen-1002984-g003){ref-type="fig"} for the whole set. Differently sized subsets of the IESs all display essentially the same end consensus (data not shown).

![IES sequence properties.\
A) Histogram of the sizes of the genome-wide set of IESs that are shorter than 150 bp. B) Sequence logo showing information content at each position, corrected for a G+C content of 28%, for the ends of the genome-wide set of IESs.](pgen.1002984.g003){#pgen-1002984-g003}

We further examined constraints on IES size and sequence by evaluating IES conservation with respect to the 3 WGDs in the *Paramecium* lineage. We used the large number of paralogs (hereafter termed "ohnologs") of different ages ([Table 3](#pgen-1002984-t003){ref-type="table"}) that could be identified for each of the WGD events [@pgen.1002984-Aury1] to ask whether IESs are present, at the same position relative to the gene coding sequences, in ohnologs of the different WGD events. This analysis makes the assumption that IES insertions are rare events so that if IESs are present at the same position in ohnologous genes, then they must have been acquired before the WGD and can be considered to be "ohnologous" IESs. As shown in [Table 3](#pgen-1002984-t003){ref-type="table"}, we found 84.5%, 23.2% and 5.9% conservation of IESs with respect to the recent, intermediate and old WGDs respectively. For comparison, more than 99% intron conservation was found for 1,112 pairs of genes related by the recent WGD [@pgen.1002984-Jaillon1]. This indicates that the dynamics of IES insertion or loss over evolutionary time is relatively fast compared to that of introns. The only phylogenetic study of IESs, carried out for two loci in a few different stichotrich (formerly called hypotrich) ciliates, which are very distantly related to *Paramecium*, also concluded that the intragenic IESs in those species evolve very rapidly [@pgen.1002984-DuBois1]. We found that the ohnologous IESs related by the recent WGD are highly divergent in sequence. In more than 90% of cases, the sequence identity was too low for detection by BLASTN (E-value threshold of 10^−5^). This high level of sequence divergence is consistent with the pattern expected for neutrally-evolving non-coding regions, since the average synonymous substitution rate measured between ohnologous genes derived from the recent WGD is about 1 substitution per site [@pgen.1002984-Aury1]. However, if we compare the lengths of IESs that are conserved with respect to the recent WGD ([Figure 4A](#pgen-1002984-g004){ref-type="fig"}), for ∼55% of the pairs, both IESs are found in the same peak of the IES size distribution. The honeycomb appearance of the plot ([Figure 4A](#pgen-1002984-g004){ref-type="fig"}), with off diagonal cells that result from ohnologous IESs in different peaks of the distribution, underscores the strong evolutionary constraint that is exerted on IES size.

![IES conservation in genes related by WGD.\
A) Filled contour plot of the correlation between the size of IES pairs that have been conserved with respect to the recent WGD. The x axis gives the size in bp of the first IES, the y axis gives the size in bp of the second IES found in the ohnologous gene and the color of each point indicates the number of times that combination of x,y values was found in the data set. The color legend is shown to the right of the figure, the numbers represent counts of the x,y value pairs; the rainbow colors are distributed according to a log2 scale. B) Size distribution of IESs conserved in "quartets" i.e. genes that are still present in 4 copies in the genome after duplication at both the intermediate and the recent WGD events. In order to compare size distributions for different classes of IES, they are represented as experimental cumulative distribution functions. The ripples in each curve correspond to the peaks of a histogram representation as in [Figure 3A](#pgen-1002984-g003){ref-type="fig"}. The curves are for IESs that must have originated from an ancestral IES acquired before the intermediate WGD (grey, N~1111~ IESs), IESs that must have originated from an ancestral IES acquired before the recent WGD (orange, N~1100~ IESs) and the IESs that might have been acquired since the recent WGD (blue, N~1000~ IESs).](pgen.1002984.g004){#pgen-1002984-g004}

10.1371/journal.pgen.1002984.t003

###### IES conservation in ohnologs produced by the different WGDs.

![](pgen.1002984.t003){#pgen-1002984-t003-3}

  WGD event       Genes with ohnolog   IESs    Conserved IESs   \% conserved
  -------------- -------------------- ------- ---------------- --------------
  Recent                24052          20623       17430            84.5
  Intermediate          12590          11561        2675            23.2
  Old                    3381          3646         215             5.9

The identification of ohnologs and the reconstitution of the pre-duplication genomes is described in [@pgen.1002984-Aury1]. For the most recent WGD, which preceded the appearance of the *P. aurelia* complex of 15 sibling species [@pgen.1002984-Catania1], 51% of the pre-duplication genes are still present in 2 copies. For the intermediate duplication, 24% of pre-duplication genes are still present in 2 or more copies. For the ancient duplication, which preceded the divergence of *Paramecium* and *Tetrahymena*, 8% of pre-duplication genes are still present in 2 or more copies. The significance of the column headers is as follows. Genes with ohnolog: the number of present day genes with at least one ohnolog from the indicated WGD event. IESs: the number of IESs found in the genes with at least one ohnolog from the indicated WGD event. Conserved IESs: number of IESs found at the same position in at least one other ohnolog, as determined by sequence alignment. The identification of ohnologs is described in [@pgen.1002984-Aury1] and the data are available through ParameciumDB [@pgen.1002984-Arnaiz3]. Note that this analysis only concerns IESs that are within paralogous genes and not IESs found in intergenic regions.

Dynamics of IES gain and loss {#s2f}
-----------------------------

In order to investigate the rate of IES insertions and losses during the evolution of the *Paramecium* lineage, we examined gene families, which we call "quartets", for which all 4 ohnologs issued from duplication of an ancestral gene at the intermediate and then the recent WGD are still found in the present day genome. Of the 1350 such quartets identified in the MAC genome [@pgen.1002984-Aury1], 878 contain at least one IES in at least one of the 4 duplicated genes. We evaluated the conservation of IESs at the same position with respect to the coding sequence for all members of each quartet ([Figure S7](#pgen.1002984.s007){ref-type="supplementary-material"}), and identified 2126 IES groups, each group containing an IES conserved either in all 4 genes (N~1111~ = 190), in 3 genes (N~1110~ = 64), in 2 genes on the same intermediate WGD branch (N~1100~ = 1304), in 2 genes on different branches (N~1010~ = 10) or in only one of the 4 genes (N~1000~ = 558).

Under the assumption that two IESs present at the same location in ohnologous genes derive from a single ancestral IES (i.e. the probability of two insertion events occurring at the same site after a WGD is considered negligible), and that the rate of IES losses has remained constant, it is possible to estimate the rate of IES gain during the evolution of the *Paramecium* lineage (the model is developed in [Text S4](#pgen.1002984.s016){ref-type="supplementary-material"}). The quartet analysis is fully consistent with a model whereby IES acquisition has been ongoing since before the intermediate WGD (15% of the IESs predating this WGD), with a peak in the period between the intermediate and the recent WGD events: 69% of IESs were acquired during the interval between these two WGDs, vs. 16% during the period since the recent WGD, which corresponds to about the same evolutionary time. Genome-wide IES data for other *Paramecium* species will be necessary in order to test the assumption of a constant rate of IES losses. However, even if we relax this assumption (i.e. rates of IES losses are allowed to vary over time), the model still strongly rejects the hypothesis that all IESs were acquired before the intermediate WGD (cf. [Text S4](#pgen.1002984.s016){ref-type="supplementary-material"}). Thus, with the presently available data and biologically reasonable assumptions, we conclude that IESs have been acquired in all 3 of the time periods delimited by the intermediate and recent WGD events.

We compared the cumulative size distributions of the N~1111~, N~1100~ and N~1000~ IESs ([Figure 4B](#pgen-1002984-g004){ref-type="fig"}). The N~1111~ IESs, which must have been acquired before the intermediate WGD, are much shorter than the IESs of the two other samples, with almost 80% of the IESs in the first peak, compared to 20% for N~1100~ IESs, which may mainly result from IES acquisition after the intermediate but before the recent WGD, and only 16% for N~1000~ IESs, at least some of which may have been acquired since the recent WGD. In addition, the curves are significantly shifted with respect to each other, in particular, 30% of the N~1000~ IESs are larger than 150 nt, compared to scarcely any IESs larger than 150 nt for the two other samples. This analysis shows that the older an IES, the shorter it is likely to be, consistent with a decay process involving progressive shortening of IESs by accumulation of small deletions, in addition to the accumulation of point mutations.

Quartet analysis is restricted to IESs in genes that have been retained in 4 copies (fewer than 10% of all IESs). Similar distributions of IES size are found if we consider all ohnologous IESs (45% of all IESs, cf. [Table 3](#pgen-1002984-t003){ref-type="table"}). IESs conserved with respect to the intermediate WGD (76% of IESs in first peak) are significantly shorter than IESs conserved only with respect to the recent WGD (30% of IESs in the first peak) (data not shown). The size distribution of IESs conserved with respect to the old WGD is poorly determined because of the small number of conserved IESs ([Table 3](#pgen-1002984-t003){ref-type="table"}), which are moreover often in genes that have undergone recent gene conversion judging from the nucleotide divergence of the ohnologs (data not shown). It is therefore uncertain that IESs were present in the genome before the old WGD, consistent with the absence of TA-bounded IESs in *Tetrahymena*, which diverged from *Paramecium* after the old WGD event [@pgen.1002984-Aury1].

Since we found essentially no IESs shorter than 26 bp, it seems likely that some mechanism(s) other than decay of the sequence through internal mutations and deletions is responsible for the complete loss of an IES. In order to explore this question, we examined case by case, using both nucleotide and conceptual protein alignments, all of the N~1110~ quartet IES groups (n = 64), which are most parsimoniously explained by insertion of an IES before the intermediate WGD followed by loss of an IES after the recent WGD. We examined the raw read alignments and PGM and phage contigs in order to be sure that there was sufficient read coverage and no evidence suggesting presence of an IES at any site of putative IES loss. We found 4 different explanations for the quartet triplets: precise loss of the fourth IES (n = 17), gain of the third IES by gene conversion between intermediate WGD ohnologs (n = 1), recruitment of the fourth IES into the exon sequence (n = 6), and deletion of the region that encompasses the fourth IES (n = 23), often testifying to the formation of a pseudogene. In addition, we found 5 errors in IES detection (the fourth IES probably exists as it can be found in the phage contigs or is predicted by the MIRAA pipeline). In the remaining cases (n = 12), annotation or alignment problems made it difficult to conclude. The observation of 17 cases of precise loss of an IES from the germline DNA raises the possibility that there is a mechanism for conversion of a MIC locus to the IES-free form using a MAC genome template. However, we cannot rule out the possibility that IESs can be precisely excised from the MIC DNA, and therefore lost, by the same Pgm-dependent mechanism as that involved in MAC genome assembly.

TA-indels reveal IES excision errors {#s2g}
------------------------------------

The analysis of sequence variability in the polyploid (800n) MAC genome, carried out by comparing the MAC assembly representing a "consensus" sequence with the 13× Sanger sequencing reads used to build the assembly, revealed nearly 2000 "TA-indels" that were presumed to be produced by the IES excision machinery and to reflect excision errors [@pgen.1002984-Duret1]. As shown schematically in [Figure 5](#pgen-1002984-g005){ref-type="fig"}, "residual" TA-indels (n = 739), that were suggested to represent occasional retention of IESs on some macronuclear copies, were absent from the assembly ("major" form in [Figure 5](#pgen-1002984-g005){ref-type="fig"}), but present in at least one sequence read ("minor" form). For 689 of the residual TA-indels (93%), we found an IES at the corresponding site in the genome. Interestingly, in 134 cases (19.4%), the TA-indel was shorter than the IES and case by case inspection indicated that most of these TA-indels may be products of IES excision that used an alternative IES boundary located within the IES ([Figure 5](#pgen-1002984-g005){ref-type="fig"}). In this case, the TA-indel would only correspond to part of a larger IES. A few cases of use of an alternative IES boundary that may confer a mutant phenotype have been reported [@pgen.1002984-Haynes1], [@pgen.1002984-Dubrana1].

![TA-indels are produced by IES excision errors.\
Schematic representation of the "residual" and "low frequency" TA-indels that were identified by comparing the MAC draft genome assembly (MAJOR form) with the 13× Sanger sequencing reads used to build the assembly [@pgen.1002984-Duret1]. The TA-indels were identified by one or more reads that differed from the assembly (minor form). The residual TA-indels were assumed to be the result of occasional failure to excise an IES and the low-frequency TA-indels to result from excision of MAC-destined sequences. Comparison of the genome-wide set of IESs with the TA-indels revealed that many TA-indels result from the use of alternative IES boundaries situated inside the corresponding IES in the case of residual TA-indels and outside the IES in the case of low-frequency TA-indels. In the schema, TA dinucleotides in black boxes are *bona fide* IES boundaries while TA dinucleotides in blue boxes are alternative IES boundaries.](pgen.1002984.g005){#pgen-1002984-g005}

"Low frequency" TA-indels (n = 1090), previously suggested to represent excision of MAC-destined sequences [@pgen.1002984-Duret1], were present in the assembly (major form, [Figure 5](#pgen-1002984-g005){ref-type="fig"}), but absent from at least one sequence read (minor form). We could not look for the "low-frequency" TA-indels directly among the genome-wide set of IESs, since they are part of the MAC genome assembly. However, we examined the ends of the low-frequency TA-indels and found 249 cases (23%) where the TA dinucleotide at one of the ends corresponds to the insertion site of an IES in the genome-wide set ([Figure 5](#pgen-1002984-g005){ref-type="fig"}), indicating that the TA-indel was generated by use of an alternative IES boundary located outside of the IES. The whole of the analysis supports the previous conclusion [@pgen.1002984-Duret1] that TA-indels are products of the IES excision machinery. The high incidence of alternative boundaries in both classes of TA-indels, revealed by comparing them with the genome-wide set of IESs, strengthens the previous conclusion [@pgen.1002984-Duret1] that TA-indels reflect IES excision errors (see below). Thus TA-indels cannot be considered to be IESs in the absence of further experimental support.

Evidence for selective pressure against IES insertion {#s2h}
-----------------------------------------------------

IESs are tolerated in coding sequences and evolve under a strong constraint on their size and end-consensus, properties that are presumably important for their precise and efficient excision. However, the excision machinery can commit errors, as revealed by TA-indels (cf. above) and by the use of alternative IES boundaries [@pgen.1002984-Haynes1], [@pgen.1002984-Dubrana1]. We therefore looked for evidence that the rate of excision errors is high enough to represent a fitness burden for the organism. First, only 47% of genes contain at least one IES, and the IESs are less represented in strongly expressed genes. [Figure 6](#pgen-1002984-g006){ref-type="fig"} shows the density of IESs in genes as a function of gene expression level determined by microarray experiments [@pgen.1002984-Gout1], [@pgen.1002984-Arnaiz2]. The density varies from about 0.7 IESs per Kb (i.e. an IES on average every 1.4 Kb) in genes with low expression to less than 0.3 IESs per Kb (i.e. an IES on average every 3.3 Kb) for the genes with the highest expression. The inverse correlation observed across all levels of expression indicates that IESs are less-well tolerated the more a gene is expressed.

![IES density is inversely proportional to gene expression level.\
Genes were binned according to their median expression level across 58 microarrays representing different cellular and growth conditions as described in [@pgen.1002984-Gout1], [@pgen.1002984-Arnaiz2]. The expression levels were divided into 30 bins as in [@pgen.1002984-Gout1]. The black points show the average IES density (per Kb) of genes in each bin. Linear regression was used to fit the points. Light gray bars show the distribution of genes according to their expression level (before binning).](pgen.1002984.g006){#pgen-1002984-g006}

Second, IESs inserted in protein-coding exons display a characteristic bias in their size. There is a statistically significant deficit in IESs whose length is a multiple of 3, compared to IESs found in non-coding regions. Furthermore, this bias is only found for 3n IESs that do not contain a stop codon in phase with the ORF of the upstream coding sequence ([Table 4](#pgen-1002984-t004){ref-type="table"}; cf. [Table S5](#pgen.1002984.s012){ref-type="supplementary-material"} for a more detailed analysis). A similar 3n bias was reported for introns in eukaryotic genomes, and experiments in *Paramecium* showed that the Nonsense Mediated Decay (NMD) pathway destroys mRNAs containing unspliced introns, provided the intron retention leads to a premature stop codon [@pgen.1002984-Jaillon1]. Retention in mRNA of a 3n stopless intron would not be detected by NMD and therefore could lead to translation of potentially harmful proteins, explaining the deficit in 3n stopless introns. The fact that IESs display a similar deficit suggests that the rate of IES retention is high enough to represent a fitness cost, so that IESs in exons are under selective pressure to be detected by NMD in case they are retained in the MAC genome. We were able to test this hypothesis by looking at the size bias for IESs located in the exons of the 25% of *Paramecium* genes that are the most highly expressed hence subject to the strongest selective pressure. As shown by the last 2 lines of [Table 4](#pgen-1002984-t004){ref-type="table"} (samples Q1 and Q4), the deficit in 3n IESs is the greatest for the IESs found in the most highly expressed genes (28.3%), where IES retention would be the most deleterious.

10.1371/journal.pgen.1002984.t004

###### Deficit of 3n IESs in coding sequences.

![](pgen.1002984.t004){#pgen-1002984-t004-4}

  IES Category           Number        3n             non-3n        ?^2^     *P*-value
  --------------------- -------- --------------- ---------------- -------- --------------
  **Non-coding**         10304    3481 (33.78%)   6823 (66.22%)      \-          \-
  **Coding stopwith**    11205    3700 (33.02%)   7505 (66.98%)     2.91        0.08
  **Coding stopless**    23339    7095 (30.40%)   16244 (69.60%)   119.42   8.47×10^−28^
  **Q1 stopless**         6044    1892 (31.30%)   4152 (68.70%)    16.61    4.59×10^−5^
  **Q4 stopless**         5712    1615 (28.27%)   4097 (71.73%)     77.5    1.32×10^−18^

For the calculation of χ^2^, the observed numbers of IESs of length 3n and non-3n inserted in coding sequences are compared to the distribution found for IESs inserted in non-coding sequences under the null hypothesis that IES length is not under constraints related to translation. The null hypothesis is rejected only for those IESs inserted in coding sequences that do not contain a stop codon in frame with the upstream ORF (Sample "Coding stopless"). Microarray experiments [@pgen.1002984-Gout1] were used to group the IESs according to the expression level of the genes in which they are inserted. "Q1" designates IESs in exons of the 25% least expressed genes and "Q4" designates IESs in the exons of the 25% most expressed genes, those subject to the strongest selective pressure. The bias against 3n IESs is stronger in the Q4 sample than in the Q1 sample.

A more detailed analysis of the modulo 3 length distribution for IESs in coding and non-coding sequences, for each peak of the 10 bp periodic size distribution, is provided in [Table S5](#pgen.1002984.s012){ref-type="supplementary-material"}.

Discussion {#s3}
==========

An IES reference set for *P. tetraurelia* {#s3a}
-----------------------------------------

Previous studies of *Paramecium* IESs all relied on a small reference set of about 50 IESs. For the first time in any ciliate genome, in so far as we are aware, we have carried out an exhaustive identification of IESs. Since it is not yet possible to isolate *Paramecium* MICs in the quantity and of the purity required for genomic sequencing, we relied on nuclear DNA isolated from cells depleted in Pgm, the domesticated transposase required for introduction of the DSBs that initiate IES excision [@pgen.1002984-Baudry1]. We fortunately were able to use the only genomic library ever made from purified MICs [@pgen.1002984-Steele1] -- but heavily contaminated by bacterial DNA -- to obtain genome-scale evidence that Pgm is required for excision of all *Paramecium* IESs and to estimate that our IES reference set includes ∼98.5% of all IESs.

Although this IES reference set will prove useful for a variety of studies, it is important to keep two things in mind. First, the IES definition used here is necessarily a genomic definition involving comparison of MIC and MAC sequences. Our procedure does not allow identification of nested IESs (unless the external IES is retained in the MAC), or of any IES located in part of the MIC genome that is not collinear with MAC chromosomes. The complexity of the assembled PGM DNA is almost 100 Mb, although we could not properly assemble repeated sequences. We thus estimate that at least 25% of the germline is not collinear with the MAC chromosomes, and might contain unique copy IESs or transposons, the excision of which could only have been detected if the flanking region were retained in the MAC.

Second, this reference set does not provide information about the variability in IES excision patterns that might exist between different, though genetically identical, cell populations. Many IESs are under maternal, epigenetic control [@pgen.1002984-Duharcourt2], [@pgen.1002984-Duharcourt1], [@pgen.1002984-Meyer1]. The genome scanning model [@pgen.1002984-Duharcourt3] posits that every time *Paramecium* undergoes meiosis, the scnRNA pathway compares the maternal MIC, in the form of 25 nt scnRNAs [@pgen.1002984-Lepre1], with the maternal MAC, in the form of long non-coding transcripts [@pgen.1002984-Lepre2]. The scnRNAs that cannot be subtracted by base pairing with the long maternal transcripts are licensed for transport into the new developing MAC [@pgen.1002984-Nowacki1] where they target homologous sequences for elimination, probably via deposition of epigenetic marks on the chromatin (cf [@pgen.1002984-Coyne1], [@pgen.1002984-Schoeberl1] for recent reviews of genome scanning in *Paramecium* and *Tetrahymena*). The scnRNA pathway in theory provides a powerful defense mechanism against transposons that invade the germline and can explain the molecular basis of alternative MAC rearrangement patterns that are maintained across sexual generations [@pgen.1002984-Duharcourt1], [@pgen.1002984-Duharcourt2], [@pgen.1002984-Meyer1], [@pgen.1002984-Epstein1], [@pgen.1002984-Meyer2]. Hence the following caveat: any genome-wide set of IESs is identified with respect to a particular MAC reference genome sequence. There can be no "universal" IES reference set for the species. Since IESs can be a source of genetic variation as discussed in [@pgen.1002984-Sperling1], the IES catalogue we have established will make it possible to study this variation, for example by surveying IES retention in the MACs of geographic isolates and in stocks that have been experimentally subjected to different types of stress.

Constrained IES size distribution and the IES excision complex {#s3b}
--------------------------------------------------------------

The remarkable sinusoidal distribution of IES sizes retained by evolution reflects strong constraint on the distance between IES ends. We assume that the selection is exerted through the excision mechanism, since the retention of an IES in the MAC can impair gene function. An IES that cannot be efficiently excised is expected to be counter-selected. We propose an interpretation of the IES size distribution based on its similarity with data generated by "helical-twist" experiments, which have provided evidence of DNA looping between distant protein-binding sites in various, mainly prokaryotic, DNA transaction systems (transposition, gene control, replication initiation, site-specific recombination, etc. reviewed in [@pgen.1002984-Schleif1]). In these experiments, the distance between transposon ends [@pgen.1002984-Lane1], [@pgen.1002984-Goryshin1], repressor binding sites [@pgen.1002984-Mller1]--[@pgen.1002984-Lee1] or site-specific recombination sites [@pgen.1002984-Haykinson1] is varied, on plasmids or on the bacterial chromosome, and the activity of the system is measured *in vivo*. The observed periodicity in the length-dependence of the activity corresponds to the helical repeat of the DNA, since the same face of the double helix must interact with the protein at each end, and given the prohibitive energetic cost of twisting the double helix to fit the binding site to the protein. This is especially true for DNA fragments whose size is close to the persistence length of double stranded DNA (∼150 bp) or shorter. The persistence length, a physical measure of the bending stiffness of a polymer in solution, is the length above which there is no longer a correlation between the orientation of the ends of the molecule. For DNA longer than its persistence length, it becomes possible for the 2 ends to encounter each other to form a loop, without any external intervention.

Almost all (93%) of the IESs in the genome are shorter than the persistence length of DNA. The size distribution, which appears as a series of regularly spaced peaks, can be decomposed into three parts. The largest peak is centered on 28 bp but displays an abrupt minimum size cutoff at 26 bp. A second peak seems to be of forbidden size. Finally, there follow a series of peaks that are best fit by a sine wave with a ∼10.2 bp periodicity. In the helical-twist experiments, the amplitude of the measured biological activity peaks tends to decrease with decreasing distance between interacting sites. However, for the IES size distribution, the decay of IESs over time imposes the opposite tendency: the peak heights increase as IES size decreases.

Our working model for assembly of an active IES excision complex is shown in [Figure 7](#pgen-1002984-g007){ref-type="fig"}. We propose that, starting at the third peak (44--46 bp), the IESs assemble into the excision complex by forming a double-stranded DNA loop compatible with presentation of the same face of the double helix to the Pgm endonuclease at both IES ends. The near absence of the second peak, the minimum IES size of 26 nt and the 13 bp size of each *piggyBac* TIR [@pgen.1002984-Mitra1] lead us to suggest that the IESs in the first peak are able to assemble an active excision complex without formation of a DNA loop. The IESs in the nearly absent second peak would not be efficiently excised, as they would be too short to form a DNA loop and too long to form an active excision complex without a DNA loop.

![IES size constraint and the assembly of an active excision complex.\
Our working model is based on the assumption that oligomerization of the IES excisase (most likely the domesticated transposase PiggyMac) on DNA activates catalytic cleavage at IES ends (IESs are drawn in yellow and red triangles highlight the orientation of their ends). In the absence of any information on the stoichiometry of the complex, the excisase is represented by a shaded blue ellipse. For very short IESs from peak 1 (26--30 bp in length), the required contact between protein subunits may be established directly (double-headed arrow) and the complex is active. For IESs longer than 44 bp (peak 3 and above), we propose that looping of the intervening DNA double helix brings IES ends into close proximity and activates DNA cleavage. We have arbitrarily drawn the complex as an antiparallel arrangement of IES ends within a negatively supercoiled loop, but other conformations are possible. IESs from the "forbidden" peak 2 would be too long to allow direct contacts between protein subunits to be established, and too short to form an excision loop.](pgen.1002984.g007){#pgen-1002984-g007}

Molecular analysis of the IES excision mechanism supports the involvement of such a transpososome-type excision complex. First, the domesticated Pgm transposase, which has retained the catalytic site of *piggyBac* transposases [@pgen.1002984-Baudry1], is very likely to be the endonuclease responsible for the cleavage reaction, involving the introduction of DSBs at each end of the IES [@pgen.1002984-Gratias1]. Second, for IESs larger than 200 bp, covalently closed circular molecules containing the excised IES have been detected as transient intermediates during MAC development [@pgen.1002984-Btermier2]. Third, if one end of an IES bears a mendelian mutation in the TA dinucleotide, no DSB occurs at either end of the IES. This indicates that the two IES ends must interact, directly or indirectly, before cleavage can occur [@pgen.1002984-Gratias2].

It is worth noting that "canonical" TIRs of cut-and-paste transposons are often bipartite. They are composed of an internal sequence motif recognized and bound by the transposase, and of a few nucleotides at the termini that constitute the DNA cleavage site [@pgen.1002984-Chandler1]. The obligatory conservation of a TA dinucleotide at IES ends is indicative of a requirement for DNA cleavage but is not sufficient for specific recognition, even if we take into account the weak consensus over the 6 internal nucleotides. The lack of a sufficiently long conserved motif in IESs makes it unlikely that Pgm recognizes IESs by binding to a specific sequence. For IESs under maternal control [@pgen.1002984-Duharcourt1], it is currently thought that Pgm is recruited to its substrate via epigenetic marks deposited on the chromatin by the scnRNA pathway [@pgen.1002984-Coyne1], [@pgen.1002984-Baudry1], [@pgen.1002984-Duharcourt3].

The picture of an IES excision complex that emerges from these considerations, which must of course be tested biochemically, requires very short pieces of DNA to form loops ([Figure 7](#pgen-1002984-g007){ref-type="fig"}). Proteins that bend DNA, such as HMG proteins [@pgen.1002984-Paull1], could be involved. What is quite remarkable here, beyond the fact that evolution has performed such a nice "helical-twist" experiment, is that the DNA loops might be as short as ∼45 bp, shorter than almost any reported case of DNA looping. The minimal *in vivo* value reported for cut-and-paste bacterial transposons is 64--70 bp [@pgen.1002984-Lane1], [@pgen.1002984-Goryshin1] and this is also the minimum size reported for HMG assisted DNA loop formation *in vitro* [@pgen.1002984-Paull1]. The only indication of shorter loops comes from detection of a minor peak of activity *in vivo* and *in vitro* for ∼50 bp DNA loops in the *E. coli* Hin invertasome, provided that invertasome assembly occurs in the presence of HU, a bacterial nucleoid protein that bends DNA [@pgen.1002984-Haykinson1]. Given the unusually high A+T content of IESs (80%), local melting might favor the deformations in the double helix required to make the very small looped structures of the postulated IES excision complex.

Evidence that IESs are remnants of transposons {#s3c}
----------------------------------------------

Ciliate MICs have long been recognized as safe havens for transposons, since removal of the transposons from the somatic DNA during development would decrease the burden on host fitness, as discussed in [@pgen.1002984-Klobutcher2]. Our study provides the first global vision of IESs in any ciliate germline and provides strong support for the "transposon link" hypothesis that present day IESs are remnants of transposons [@pgen.1002984-Klobutcher1], [@pgen.1002984-Klobutcher2].

Although we do not yet have a complete picture of the transposon landscape of the *P. tetraurelia* germline genome, we have identified 3 families of Tc1/mariner elements, with 2 quite different structures. The *Thon* and *Sardine* transposons have long, palindromic TIRs, a tyrosine recombinase and a DDE transposase characteristic of the IS*630*/Tc1 subfamily, with a short spacer (32 aa) between the 2^nd^ and 3^rd^ catalytic residues. This clearly distinguishes these transposons from the *piggyBac* family characterized by a long spacer and a DDD catalytic triad. The IESs related to these elements that we were able to identify appear as solo TIRs. Given the presence of repeated, palindromic subsequences in each TIR, we can speculate that the solo TIRs result from recombination between short direct repeats present within the complex TIRs, as proposed to explain the incidence of solo LTRs derived from LTR retrotransposons in the genomes of some organisms [@pgen.1002984-Tian1], [@pgen.1002984-Garfinkel1]. The other transposon family we have identified, *Anchois*, is characterized by much shorter TIRs which do not contain internal palindromes, a similar DDE transposase and the absence of a tyrosine recombinase. This structure is similar to that of the *P. primaurelia Tennessee* transposon [@pgen.1002984-LeMoul1]. In the case of *Anchois*, we could find a number of IESs that appear to correspond to the entire transposon or large portions of it, including IESs with a recognizable but degenerate DDE transposase ORF.

It is possible that we have only scratched the tip of the iceberg since the germline genome is expected to contain other mobile elements. Indeed, we were able to identify 8 clusters of homologous IESs inserted at non-homologous genomic sites, suggesting recent mobility, and one of these clusters turned out to consist of IESs that are solo TIRs of the *Thon* element. The other clusters could be the remains of as yet unidentified elements. Both the *Thon* and the *Anchois* IES homologies were detected among the largest IESs in the genome-wide set (i.e. the 380 IESs \>500 bp), and for none of them could we detect ohnologous IESs from the recent WGD, an indication that these IESs were recently acquired. Since over 90% of present day IESs have decayed to very short sizes (\<150 bp) it is not surprising that internal transposon motifs can no longer be recognized. These very short IESs nonetheless display the short degenerate Tc1/mariner end consensus. The existence of this consensus at IES ends may testify to their evolutionary transposon origin. This end consensus would eventually have become a requirement for efficient cleavage by the IES excision machinery. We can imagine two instances of such convergent evolution: i) other families of mobile elements could be eliminated by the PiggyMac-dependent mechanism and ii) genomic sequences that adhere to the end consensus could be excised just like IESs. We conclude that at least a fraction of IESs are decayed Tc1/mariner transposons, and we consider highly probable that some IESs are derived from other mobile elements.

IESs are a burden for host fitness {#s3d}
----------------------------------

Since IES excision is not 100% efficient, IES insertions are in general deleterious, consistent with the different kinds of selective pressure we have observed: (i) a constrained IES size distribution likely reflecting assembly of the excision complex; (ii) a bias against IESs that do not lead to premature stop codons in case of IES retention in the MAC; (iii) an inverse correlation between IES insertions and gene expression level. IESs can in addition be considered to constitute a mutational burden, in the same way as introns are considered to constitute a mutational burden in intron-rich eukaryotic genomes [@pgen.1002984-Lynch1], since IESs are present in large number in *Paramecium*, and any mutation in a flanking TA dinucleotide abolishes IES excision. Nonetheless, the system can give rise to beneficial new functions, as attested by use of the IES excision machinery to provide a regulatory switch for mating type determination (D. Singh, personal communication).

Since IESs are in general deleterious and constitute a fitness burden for the organism, and since we have detected cases of probable clean IES loss from the germline DNA suggesting that a mechanism exists for precise IES excision in the MIC, we may ask why *Paramecium* has any IESs at all. This question can be easily answered if we consider that IESs arise from selfish genetic elements (SGEs, defined as elements -- typically transposable elements or viruses -- that can enhance their own transmission relative to the rest of the genome, with deleterious or neutral effects for the host [@pgen.1002984-Werren1]). The number of IESs reflects the balance between the number of IES insertions (e.g. invasion by SGEs that subsequently decayed to become unique-copy IESs) and the strength of selection against these insertions, which either prevents fixation of new insertions in the population or favors loss of already fixed insertions. This genetic conflict is mediated by an "arms race" between SGEs and the host as discussed by Werren [@pgen.1002984-Werren1].

Host defense mechanisms in ciliates {#s3e}
-----------------------------------

In all kingdoms of life, non-coding RNAs are used to defend host genomes against parasitic nucleic acids, as exemplified in eukaryotes by small RNA pathways involved in protection against viruses or in silencing transposons to ensure integrity of the germline genome [@pgen.1002984-Bourchis1]--[@pgen.1002984-Baulcombe1]. In ciliates, nuclear dimorphism provides the potential for an additional layer of protection by physically separating the chromosomes that store the genetic information from the rearranged chromosomes that express the genetic information. Additional host defense machinery providing precise excision of transposons/IESs from somatic DNA, might have allowed the invasion of a fraction of the genome in which SGEs are not usually tolerated, namely the coding and regulatory sequences required for gene expression.

In the case of *Paramecium*, Pgm domestication has provided the mechanism for precise excision of TA-bounded insertions from the somatic DNA, allowing transposons/IESs to be cleanly excised from genes in the MAC. Since this would reduce the fitness burden caused by transposition, we presume that it allowed transposons to spread throughout the MIC genome. Recognition of the IESs is however ensured by the scnRNA pathway [@pgen.1002984-Coyne1], itself an example of the more ancient mechanism of small RNA-based host immunity against foreign nucleic acids, and this epigenetic recognition may in part explain the less than 100% efficiency of IES excision.

In *Tetrahymena*, which has both a scnRNA pathway and domesticated *piggyBac*-like transposases [@pgen.1002984-Schoeberl1], [@pgen.1002984-Cheng1], only excision of intergenic IESs has been studied for the moment and use of heterogeneous cleavage sites was found. This imprecise excision would not be compatible with insertion in genes since gene expression would be compromised. *Tetrahymena* has only about 6,000 IESs and indeed, they are not usually found within genes [@pgen.1002984-Fass1]. Why doesn\'t *Tetrahymena* have intragenic IESs? We can only speculate that a Tc1/mariner invasion after the divergence of *Paramecium* and *Tetrahymena* was instrumental in the evolution of a precise excision mechanism in *Paramecium*, necessary for spread of these elements throughout the genome. In support of this hypothesis, a recent genome-scale identification of hundreds of *Tetrahymena* IESs [@pgen.1002984-Fass1] revealed a new class of TTAA-bound IESs that are precisely excised. They were found to contribute 3′ exons to genes that are expressed from the zygotic genome during genome rearrangements. These elements might be derived from *piggyBac* transposons, which have TTAA target sites, and perhaps testify to the ancient *piggyBac* invasion that led to domestication of the transposase.

A contrasting situation is found in some stichotrich ciliates. The stichotrich ciliates are very distantly related to the oligohymenophorean ciliates and are characterized by highly fragmented somatic genomes consisting of nanochromosomes that usually bear a single gene. Intragenic IESs are more abundant in the germline genomes of *Oxytricha* and related strichotrichs than in *Paramecium*, with an estimate of at least 150,000 IESs per haploid genome [@pgen.1002984-Prescott1]. Both single-copy IESs and transposons are precisely excised and the precise IES excision is assured by guide RNAs transcribed from the maternal MAC [@pgen.1002984-Nowacki2], which are even capable of re-ordering the scrambled MAC-destined gene segments that occur frequently in *Oxytricha* and related stichotrichs [@pgen.1002984-Prescott2]. There is also evidence that the endonuclease required for cleavage in *Oxytricha* is actually a transposase from germline TBE transposons [@pgen.1002984-Nowacki3]. However, there is currently no evidence for a scnRNA pathway specialized in the control of DNA elimination, although gene silencing by RNAi in *Oxytricha* testifies to the presence of small RNA machinery [@pgen.1002984-Nowacki2]. Thus the high precision and fidelity of the guide RNA mechanism for genome rearrangements in *Oxytricha* spp. seems to have tipped the balance even further in favor of intragenic IES insertions.

The case of *Euplotes*, a stichotrich ciliate distantly related to *Oxytricha* and probably lacking scrambled genes, merits special attention. Beautiful work carried out by the Jahn and Klobutcher labs in the 1990s showed (i) the existence of high copy number Tc1/mariner elements, Tec1 (2,000 copies per haploid genome) and Tec2 (5,000 copies), as well as lower copy number Tec3 elements (20--30 copies) [@pgen.1002984-Jacobs1], [@pgen.1002984-Jahn1], [@pgen.1002984-Jahn2]; (ii) at least a fraction of these Tec elements are precisely excised between TA dinucleotides [@pgen.1002984-Jaraczewski1]; (iii) an estimated 20,000 short TA-bounded IESs [@pgen.1002984-Jacobs1], bearing a Tc1/mariner end consensus just like the *Paramecium* IESs [@pgen.1002984-Klobutcher1], are excised precisely between TA dinucleotides leaving a single TA at each excision site on the MAC destined chromosomes [@pgen.1002984-Jacobs1] and (iv) molecular characterization of excised circular forms of both Tec elements and short IESs revealed an unusual junction consisting of 2 TA dinucleotides separated by 10 bp of partially heteroduplex DNA, showing that both the Tec transposons and the short IESs are excised by the same mechanism [@pgen.1002984-Jaraczewski1], [@pgen.1002984-Klobutcher3]. The mechanism is moreover different from that of precise IES excision in *Paramecium* [@pgen.1002984-Gratias1], [@pgen.1002984-Btermier2]. Neither the endonuclease responsable for IES cleavage nor the repair pathway has currently been identified in *Euplotes*. It will be fascinating to see whether the same actors, i.e. a domesticated *piggyBac* transposase and the NHEJ (non-homologous end-joining) pathway, are responsible for a mechanism that in its details is not the same as that found in *Paramecium*, or whether completely different cellular machinery has been recruited to carry out the same function i.e. the precise excision from somatic DNA of the Tc1/mariner family Tec transposons and of short TA-bounded IESs presumed to be their relics [@pgen.1002984-Klobutcher2].

In conclusion, different ciliates have evolved different host defenses in response to germline SGE insertions. In all cases that have been examined at the molecular level, maternal non-coding RNAs are involved in programming genome rearrangements. In *Paramecium* and some other lineages, the co-evolution of host defense machinery and SGEs has provided mechanisms for precise somatic excision, uniquely allowing the colonization of coding sequences by Tc1/mariner and likely other transposable elements. This phenomenon is so far only paralleled by the spread of introns into eukaryotic coding sequences, also thought to result from domestication of precise excision machinery, derived in this case from mobile self-splicing ribozymes [@pgen.1002984-Lambowitz1].

Materials and Methods {#s4}
=====================

Purification of DNA enriched in un-rearranged sequences from isolated nuclei of cells depleted for PiggyMac {#s4a}
-----------------------------------------------------------------------------------------------------------

### Cell growth and autogamy {#s4a1}

*Paramecium tetraurelia* strain 51 was used for this study because the available phage-lambda library of purified MIC DNA was made using this strain. Strain 51 only differs at a few loci from strain d4-2 that was used for sequencing the MAC genome [@pgen.1002984-Sonneborn1].

For gene silencing, we used the «feeding» method described in [@pgen.1002984-Galvani1]. *Escherichia coli* HT115 [@pgen.1002984-Timmons1] harboring plasmid L4440 [@pgen.1002984-Timmons2], with the 567-bp *Hind*III-*Nco*I fragment of gene *PGM* inserted between two convergent T7 promoters [@pgen.1002984-Baudry1], was induced at 37°C for the production of *PGM* dsRNA in WGP1X medium containing 100 µg/mL ampicillin. As a control, we induced HT115 bacteria for the production of dsRNA homologous to the *ND7* non essential gene (see plasmid description in [@pgen.1002984-Garnier1]).

*Paramecium tetraurelia* strain 51new mt8 [@pgen.1002984-Gratias1] was grown at 27°C in WGP1X inoculated with *Klebsiella pneumoniae* and supplemented with 0.8 µg/mL β-sistosterol. Following ∼25 divisions, cells were washed and transferred to 4.1 L of freshly induced *E. coli* HT115. Cells were allowed to grow for 8 vegetative divisions, then starved to trigger autogamy. The progression of autogamy was monitored by DAPI staining ([Figure S2A](#pgen.1002984.s002){ref-type="supplementary-material"}) and the viability of sexual progeny was tested to evaluate the efficiency of *PGM*-silencing ([Figure S2B](#pgen.1002984.s002){ref-type="supplementary-material"}).

### Cell lysis and purification of developing MAC DNA {#s4a2}

Following prolonged starvation to favor the degradation of old MAC fragments (day 4 of autogamy), all cultures were filtered through eight layers of sterile gauze. Cells were collected by low-speed centrifugation (285× g for 1 min) and washed twice in 10 mM Tris-HCl pH 7.4. Particular care was taken to eliminate contaminating bacterial biofilms by letting them settle to the bottom of the tubes and removing them with a Pasteur pipette prior to all washing centrifugation steps. The final pellet was diluted 5-fold by addition of lysis buffer (0.25 M sucrose, 10 mM MgCl~2~, 10 mM Tris pH 6.8, 0.2% Nonidet P-40) and processed as described in [@pgen.1002984-Preer2]. All steps were performed at 4°C. Briefly, cells (1 mL) were lysed with 100 strokes of a Potter-Elvehjem homogenizer and washing buffer (0.25 M sucrose, 10 mM MgCl~2~, 10 mM Tris pH 7.4) was added to a final volume of 10 mL. Developing new MACs (together with cell debris, bacterial biofilms and the largest fragments of the old MAC) were collected by centrifugation at 600× g for 1 min and washed 3 times in washing buffer. To remove contaminating bacteria, the pellet was diluted in washing buffer, loaded on top of a 3-mL sucrose layer (2.1 M sucrose, 10 mM MgCl~2~, 10 mM Tris pH 7.4) and centrifuged in a swinging rotor for 1 hr at 210,000× g. The nuclear pellet was collected and diluted 5-fold in 10 mM MgCl~2~ 10 mM Tris pH 7.4 prior to addition of two volumes of proteinase K buffer (0.5 M EDTA pH 9, 1% N-lauryl sarcosine sodium, 1% SDS, 1 mg/mL proteinase K). Following 16-hr incubation at 55°C, genomic DNA was purified as described in [@pgen.1002984-Gratias1], with three additional phenol:CHCl~3~ extractions (1∶1), one CHCl~3~ extraction and a final ethanol precipitation [@pgen.1002984-Sambrook1]. Enrichment for non-excised IESs (IES^+^ forms) was assayed by 1% agarose gel electrophoresis of *Pst*I-restricted DNA and Southern blot hybridization with ^32^P-labeled Gmac probe [@pgen.1002984-Baudry1], which corresponds to the MAC sequences just downstream of IES 51G4404 within the surface antigen *G^51^* gene ([Figure S3A](#pgen.1002984.s003){ref-type="supplementary-material"}). To measure the contamination with bacterial DNA, the same blot was dehybridized and probed with a ^32^P-labelled fragment of *K. pneumoniae* 23S rDNA amplified by PCR using primers KP23S-U (5′-AGCGTTCTGTAAGCCTGCGAAGGTG-3′) and KP23S-R (5′-TTCACCTACACACCAGCGTGCCTTC-3′) ([Figure S3B](#pgen.1002984.s003){ref-type="supplementary-material"}). All radioactive signals were scanned and quantified using a Typhoon phosphorimager ([Figure S3C](#pgen.1002984.s003){ref-type="supplementary-material"}).

Purification of wild-type micronuclear DNA from a lambda-phage library {#s4b}
----------------------------------------------------------------------

A lambda-phage library was provided by John Preer. This library had been made from DNA obtained after isolation of stock 51 wild type micronuclei [@pgen.1002984-Preer2] and further purified by cesium chloride density gradient centrifugation to eliminate G+C-rich DNA supposed to represent bacterial contaminants [@pgen.1002984-Steele1]. The library consisted of 70,000 recombinant phages (lambdaGEM11), expected to represent a 7× coverage of the MIC genome. We amplified the original library in 1995 and stored it at 4°C. Phage particles from 1 mL of the reamplified library (approximately 10^5^ particles) were fully recovered by ultracentrifugation (42 min at 113898 g in a TLA-55 rotor; S~lambda\ particle~ = 410 according to [@pgen.1002984-Weigle1]) and concentrated in ∼30 µL. Given the limited amount of material (∼18 pg of 40 Kb phage genomes corresponding to ∼4.5 pg of inserts), the cloned DNA was amplified by PCR using primers located next to the cloning sites (LambdaL2 GGCCTAATACGACTCACTATAGG; LambdaR2 GCCATTTAGGTGACACTATAGAAGAG). Non-genomic sequences should only represent 0.6% of the total PCR-amplified DNA. As PCR inhibitors prevented direct amplification from the concentrated suspension of phage particles, 230 50 µL-PCR reactions were performed from 3 µL of a 30× dilution in SM. The Expand Long-Template PCR System (Roche) was used as recommended by the supplier with 23 amplification cycles, an annealing temperature of 60°C and 12 min for the extension time. PCR reactions were concentrated by ethanol precipitation and ∼35 µg of 9 to 13 Kb PCR products were obtained after purification from 0.6% low-melting-temperature agarose gels and treatment with β-agarase (Sigma).

DNA sequencing {#s4c}
--------------

DNA was sequenced by a paired-end strategy using Illumina GAII and HiSeq next-generation sequencers. The shotgun fragments were ∼500 bp and the paired-end reads 108 nt for DNA enriched in un-rearranged sequences (PGM DNA). The fragments were ∼200 bp and the paired-end reads 101 nt for DNA prepared from the lambda-phage library. In the latter case, short reads that overlapped were merged.

Short read mapping {#s4d}
------------------

All Illumina short reads were mapped to the strain 51 reference genome (see below) using BWA [@pgen.1002984-Li1] (version 0.5.8). Alignments were indexed using samtools [@pgen.1002984-Li2] (version 0.1.11).

Strain 51 reference genome {#s4e}
--------------------------

The *P. tetraurelia* MAC genome [@pgen.1002984-Aury1] was assembled from 13× Sanger sequencing reads from different insert size librairies of strain d4-2 DNA. Strain d4-2 only differs from strain 51 at a few loci. We corrected sequencing errors in the scaffolds using Illumina deep sequencing in two stages, the first stage using the same strain d4-2 DNA sample that had been used for the original Sanger sequencing (84 million 75 nt paired-end reads), the second stage using two different samples of strain 51 MAC DNA (155 million 75 nt paired-end reads). The electronic polishing pipeline used for each stage consisted of the following steps. (i) Gap filling was achieved by assembling the Illumina reads into contigs using the Velvet [@pgen.1002984-Zerbino1] short read assembler (Kmer = 55 -ins_length 400 -cov_cutoff 3 -scaffolding no). The contigs were mapped to the draft assembly using BLAT [@pgen.1002984-Kent1] and locally realigned with Muscle [@pgen.1002984-Edgar1]. If the contigs spanned a sequencing gap, then it was filled. (ii) The Illumina reads were mapped to the draft genome using BWA [@pgen.1002984-Li1]. (iii) Alignments were indexed using samtools [@pgen.1002984-Li2]. (iv) Samtools mpileup program and homemade Perl scripts were used to identify all positions covered by at least 10 reads and where at least 80% of the reads did not confirm the reference sequence. (v) The reference sequence was corrected using the list of errors. Steps (ii) through (v) were repeated a few times at the second stage of correction using the strain 51 reads, since BWA mapping has low error tolerance, and more reads could be mapped as the correction progressed. At the end of the process 442 of 861 sequencing gaps were filled, 13,758 substitutions were corrected, 929 deletions of 1--2 nt were filled and 10,339 insertions of 1--2 nt were removed, to yield the strain 51 reference genome that was used for IES identification. The strain 51 reference genome is available via ParameciumDB [@pgen.1002984-Arnaiz3].

IES identification pipeline {#s4f}
---------------------------

### MIRAA pipeline {#s4f1}

All reads of the DNA enriched in un-rearranged sequences (PGM DNA), were mapped on the *P. tetraurelia* strain 51 reference MAC genome. Alignments indexed with samtools were analysed using custom perl scripts written with the BioPerl library (version 1.6) and the Bio::DB::Sam module (version 1.11). An IES site is characterized by an excess of ends of read alignments since reads that overlap IES junctions only map partially on the MAC genome and stop on the residual TA. These positions are considered to be IES sites if (i) the number of alignment ends is greater than 15 (10% of the average PGM DNA read coverage); (ii) if they are more than 500 bp from the ends of a scaffold, which avoids errors produced by heterogeneity in these regions; (iii) if the read coverage is lower than 300×, to avoid highly repeated sequences.

### MICA pipeline {#s4f2}

The IES detection pipeline consists of the following steps: (i) paired-end read assembly with Velvet [@pgen.1002984-Zerbino1] (version 1.0.18) using 3 different Kmer values (41, 45 and 55) and the parameters "-scaffolding no -max_coverage 500 -exp_cov auto -ins_length 500 -min_contig_length 100"; (ii) Only contigs with average G+C content less than 0.5 are retained; (iii) repeats are masked with RepeatMasker; (iv) masked contigs are aligned on the reference MAC genome with BLAT (version 34); (v) gaps are realigned locally with Muscle (version 3.7) and a custom Perl script is used to adjust the ends of the alignment. If the alignment is bound by TA dinucleotides, the insert in the contig is considered to be an IES. This pipeline was used to find IESs in the following sets of reads:

1.  All the PGM reads after removal of known contaminants (bacteria, rDNA, mitochondrial DNA).

2.  All pairs of reads in which at least one read does not align with the MAC reference genome, in order to enrich in MIC reads.

3.  All PGM reads after removal of reads that correspond to the potential MAC IES junctions identified by the MIRAA pipeline.

4.  Finally, all PGM reads after removal of reads that correspond to a MAC junction identified by the MICA pipeline using the above data sets.

The IES identification pipelines, datasets and overlap between IESs and potential IES sites are summarized in [Figure S1](#pgen.1002984.s001){ref-type="supplementary-material"}. The statistics for each of the assemblies are provided in [Table S1](#pgen.1002984.s008){ref-type="supplementary-material"}.

IES conservation {#s4g}
----------------

Determination of IESs that are conserved in genes duplicated by a WGD event involved identification of the position of the IES with respect to the beginning of the alignment, either using a protein alignment of ohnologs, back translated into nucleotide sequence, or using nucleotide alignment of the 2 genes. In both cases, the alignments were carried out using Muscle [@pgen.1002984-Edgar1] (version 3.7). If the relative positions of the IES is the same within a 2 nt tolerance, then the IESs are considered to be conserved.

Measurement of protein divergence {#s4h}
---------------------------------

A phylogenetic tree was computed by concatenation of the alignment of 1350 protein families corresponding to quartets of ohnologs preserved after both the intermediate and recent WGD events. All gap-containing sites were excluded from the alignment, which is therefore robust with respect to possible annotation errors. The tree was constructed using BioNJ [@pgen.1002984-Gascuel1] with Poisson correction for multiple substitutions. The average length of the 2 branches between the intermediate and recent WGDs is 0.085 substitutions/site. The average length of the 4 branches between the recent WGD and the present is 0.0825 substitutions per site. Assuming a constant substitution rate, we can infer that the time between the intermediate and recent WGD events and between the recent WGD and the present are equivalent, although we cannot date the events since we do not know the substitution rate in *Paramecium*.

Availability of data {#s4i}
--------------------

The MAC reference genome used for this study (strain 51) and the genome-wide set of IESs are available at <http://paramecium.cgm.cnrs-gif.fr/download/>. The IESs have also been integrated into ParameciumDB BioMart complex query interface and the ParameciumDB Genome Browser [@pgen.1002984-Arnaiz3]. The short read datasets have been deposited at the European Nucleotide Archive (Accession numbers ERA137444 and ERA137420).

Validation by PCR of individual IES or IES insertion sites {#s4j}
----------------------------------------------------------

Oligonucleotides were designed to flank the IES insertion site at a distance of 150--200 nt to allow detection of amplification products with or without an IES. All PCR amplifications were performed with an Eppendorf personal mastercycler. Standard PCR amplifications were performed with 1 unit of DyNazyme II with reagent concentrations according to instructions provided by Finnzyme (dNTP: 200 µM each, primers: 0.5 µM each) with 50 ng of template DNA. The program used is 2 min at 95°C, 10 cycles of 45 sec at 95°C, 45 sec at annealing temperature, and 1 min at 72°C, 15 cycles of 20 sec at 95°C, 20 sec at annealing temperature and 1 min at 72°C, followed by a final incubation for 3 min at 72°C. Amplified products were analyzed on 3% Nusieve (Lonza) in TBE 1×. Long and AT-rich PCR amplifications were performed with 1 unit of Phusion (Finnzymes) using the following concentrations of reagents (dATP and dTTP: 400 µM each, dCTP and dGTP: 200 µM each, primers: 0.5 µM each) with 50 ng of template DNA. The program used was 1 min at 98°C, 25 cycles of 10 sec at 98°C, 30 sec at annealing temperature and 5 min at 72°C, followed by a final incubation of 2 min at 72°C. Amplified products were analyzed on 1% UltraPure agarose (Invitrogen) in TAE 1×. The template DNA for the amplification reactions was an aliquot of PGM DNA enriched in un-rearranged sequences, prepared as described above.

Transposon identification {#s4k}
-------------------------

Isolation of inserts from the MIC lambda-phage library [@pgen.1002984-Steele1] was carried out as previously described [@pgen.1002984-Duharcourt1]. Phage inserts and long-range PCR products obtained by amplification of total DNA from vegetative cells were isolated and subjected to Sanger sequencing as in [@pgen.1002984-LeMoul1]. The lambda-phage inserts and the cloned long-range PCR products used to characterize the *Sardine* and *Thon* transposons have been deposited in the EMBL Nucleotide Sequence Database with accession numbers HE774468--HE774475.

Several IESs with homology to the PFAM DDE_3 domain were used to find other IESs sharing nucleotide identity, leading to a set of 28 IESs that were aligned with Muscle [@pgen.1002984-Edgar1] to identify 2 *Anchois* transposons. In a second step, the alignment was refined and manually adjusted in order to reconstruct the *AnchoisA* and *AnchoisB* transposons. These second step alignments were built using IESs along with some PGM contigs that correspond to germline-restricted, imprecisely eliminated regions of the genome containing *Anchois* copies ([Text S1](#pgen.1002984.s013){ref-type="supplementary-material"}).

Data analysis {#s4l}
-------------

Statistical analyses and graphics were performed in the R environment for statistical computing [@pgen.1002984-R1] using standard packages, as well as the ape package [@pgen.1002984-Paradis1] for phylogenetic analysis. Sequence logos were generated using weblogo software [@pgen.1002984-Crooks1].

Supporting Information {#s5}
======================

###### 

IES identification. A. Schematic representation of the MIRAA pipeline for identification of IES sites by read mapping. B. Schematic representation of the MICA pipeline for identification of IESs by comparison of contigs with the reference genome assembly. C. PGM DNA datasets which were used with the MICA pipeline to identify the genome-wide set of IESs. As explained in Materials and Methods, the 4 datasets are (i) all PGM reads after filtering known contaminants, (ii) all filtered reads with at least one member of the pair that does not match the MAC reference genome, (iii) all filtered reads after removal of the read pairs with a perfect match to a MAC IES juction identified with the MIRAA pipeline and (iv) all filtered reads after removal of the read pairs with a perfect match to a MAC IES junction identified with MICA and the first 3 datasets. D.Venn diagram showing that 96% (n = 43,220) of the IESs identified with MICA correspond to IES insertion sites identified by MIRAA. The MICA pipeline was also used to identify IESs in the phage-lambda inserts: the sequence reads were assembled into 3 sets of contigs with Velvet, using 3 different kmer values (kmer = 45, 51 or 55).

(PDF)
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Click here for additional data file.

###### 

Autogamy time-course of *P. tetraurelia* 51 mt8 submitted to RNAi against *PiggyMac*. A. Cells were transferred at day 0 into 4.1 L of freshly induced feeding bacteria producing dsRNA homologous to a 567-bp region of the *PGM* gene and incubated at 27°C. The progression of autogamy was monitored everyday (D1: day 1, D2: day 2, D3: day 3, D4: day 4) by DAPI staining of cells. V: vegetative cells, F: cells with fragmented old MAC and no clearly visible new developing MACs, A: cells harboring two developing new MACs, C: post-autogamous cells with one new MAC surrounded with fragments of the old MAC. B. Survival of post-autogamous progeny. At day 4, 30 autogamous cells were transferred individually to standard growth medium containing *K. pneumoniae* and incubated at 27°C to follow the resumption of vegetative growth. Survival of the progeny of autogamous cells obtained in standard (Kp) or in control RNAi medium (ND7) was also tested. Wt: normally-growing progeny, sick: slowly-growing cells, often with abnormal swimming behavior.
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Purification of IES-enriched genomic DNA from PGM-silenced cells. Autogamous cells were collected at day 4 and genomic DNA was extracted through several cell fractionation steps. Lys.1 and lys.2: independent samples of cells were lysed directly in proteinase K buffer; low sp.: DNA extracted from low speed pellets (600× g for 1 min followed by washing); suc.: DNA extracted from nuclear pellets obtained following centrifugation through a 2.1 M sucrose layer. Each DNA sample was digested by PstI and the digestion fragments were separated on a 1% agarose gel. A. Southern blot hybridization with the Gmac probe (shown as a grey box on the diagram). The position of size markers is shown on the left. IES^−^ and IES^+^ bands were quantified separately. B. Southern blot hybridization with the *K. pneumoniae* 23S rDNA probe. Size markers are shown on the right. All rDNA bands were quantified together. C. Quantification of radioactive signals from the blots shown in A and B. The fraction of IES^+^ form was normalized relative to the sum of IES^−^ and IES^+^ signals (black histograms). Bacterial rDNA was normalized relative to the sum of IES^−^ and IES^+^ signals (grey histograms).
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###### 

IES distribution on the 8 largest MAC chromosomes. The 8 largest, telomere-capped scaffolds (∼750 Kb to ∼980 Kb in size) were normalized to length 1.0 and some were flipped so that the highest IES density is to the right. The curves represent histograms of IES position on each scaffold after Gaussian smoothing using the R "density" function [@pgen.1002984-R1]. IES distribution was evaluated using a Kolmogorov-Smirnov test of the null hypothesis that IESs are uniformly distributed on the scaffold. For the 8 largest scaffolds, the null hypothesis was strongly rejected (p\<10^−8^). The same statistical test was carried out for gene distribution on these chromosomes, and the null hypothesis was not rejected, consistent with a uniform distribution of genes on the chromosomes.
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*Sardine* and *Thon* Tc1/mariner family transposons. From top to bottom: 1) *Sardine* transposon consensus sequence obtained by alignment of the lambda-phage and PCR copies (the latter were amplified from total DNA of vegetative cells using primers located within the *Sardine* TIRs), showing the presence of palindromic TIRs and 4 putative ORFs, including a DDE transposase and a tyrosine recombinase; 2) lambda-phage with the 51G flank that led to discovery of the *Sardine* element (the region of *de novo* telomere addition at the end of the MAC chromosome, following developmental breakage of the MIC chromosome, is indicated); 3) lambda-phage with the S5 copy of *Sardine*; 4) lambda-phage with the S6 copy of *Sardine*, containing an insertion of a different Tc1/mariner transposon, *Thon*, which has the same general organization as the *Sardine* element; 5) lambda-phage with the S7 copy of *Sardine*; 6) lambda-phage with the S8 copy; 7) PCR products (S46 and S103 copies) with nearly intact ORFs; 8) PCR products (S14 and S106 copies) with nearly intact ORFs. The sequences of the 5 lambda-phages and 4 PCR products have been deposited in the EMBL/GenBANK/DDBJ public nucleotide database with EMBL-Bank accession numbers HE774468--HE774475.
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IES size distribution. The histograms represent A) IESs inserted in coding sequences. B) IESs inserted in non-coding sequences. IESs larger than 150 nt are not displayed. The fact that very similar periodic distributions are observed for IESs in both coding and intergenic regions is consistent with the hypothesis that the periodic size constraint is related to the IES excision mechanism. Indeed, IES retention in the MAC could be deleterious either by affecting ORFs (IESs in protein coding sequences) or by affecting regulatory signals (IESs in non-coding sequences).
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IES evolution evaluated with quartet IES groups. A) schematic representation of the observable quartet IES groups, arranged from top to bottom according to the number of IESs that are conserved and from left to right, according to the most recent period in which the ancestral IES could have been acquired. B) Schematic representation of the parameters of a statistical model developed to test hypotheses about IES evolution (cf. [Text S1](#pgen.1002984.s013){ref-type="supplementary-material"}). The three time periods delimited by the 2 WGD events and the present time are designated, from the oldest to the most recent, *g~3~*, *g~2~* and *g~1~*. The parameters ρ~3~, ρ~2~ and ρ~1~ are the fraction of IESs that were acquired in each of these time period and the parameters of the form δ~a,b~ are the survival rates for an IES acquired in period *g~a~* during the period *g~b~*. The equations of the model express the observable IES counts as a function of these parameters.
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Assembly statistics.
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Molecular validation of some predicted IESs and IES insertion sites.

(PDF)

###### 

Click here for additional data file.

###### 

Validation of the genome-wide set of IESs using previously characterized IESs.
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IESs with homology to *Anchois* transposons.
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Deficit of 3n IESs in coding sequences, for each peak of the 10 bp periodic size distribution.
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Transposon sequences. A). The sequences of *Sardine*, *Thon* and *Anchois* transposons reconstituted from manually adjusted multiple alignments of the different decayed copies, cloned from the lambda phage library of MIC DNA (*Sardine*, *Thon*) or found in the PGM DNA assembly (*Anchois*). The sequences of the *Thon* transposon are those of the only known copy, so that ORF annotation (based on homology with the *Sardine* element) is preliminary; the *Thon* ORF1 sequence apparently contains a frameshift. Predicted introns have been removed from the ORF sequences. B) Annotated comparison of *AnchoisA* and *AnchoisB*, showing the position and orientation of the ORFs, with a potential intron in the DDE transposase ORF. C). Manually adjusted alignment used to reconstitute the AnchoisA copy. See [Text S4](#pgen.1002984.s016){ref-type="supplementary-material"} for the IESs used in the reconstitution. D). Manually adjusted alignment used to reconstitute the *AnchoisB* copy. See [Text S4](#pgen.1002984.s016){ref-type="supplementary-material"} for the IESs used in the reconstitution. E) IESs used to obtain the final *AnchoisA* and *AnchoisB* consensus sequences based on the manually adjusted alignments in C) and D).
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Alignment of homologous IESs inserted at non-homologous genomic sites. The IESs of each cluster of homologous IESs (cf. [Table 3](#pgen-1002984-t003){ref-type="table"} and its legend) and 200 bp of 3′ and 5′ flanking sequences were aligned using Muscle [@pgen.1002984-Edgar1]. The IESs are in uppercase type and the flanking sequences are in lowercase type. For cluster5, consisting of IESs homologous to a solo TIR of the *Thon* transposon, the consensus sequence and the *Thon* TIR are included in the alignment and the palindromic repeats are highlighted.
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PCR approach to validate IESs with homology to *Thon* solo TIRs.
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A maximum likelihood framework for testing hypotheses about IES evolution.
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